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the	nature	of	 individual	movement	 are	 not	 needed.	 Simulations	 demonstrate	 that	
false	positives	(type	I	error)	are	rare	(1%–3%),	which	means	that	the	test	rarely	sug‐
gests	that	there	is	an	association	if	there	is	none.
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vast	 amounts	of	 data	 are	 collected;	 yet,	 efficient	methods	 to	 an‐












in	 (1989)	 that	 “judging	 by	 the	 intensity	 of	 use	 of	 core	 areas,	 the	
large	amount	of	overlap	among	individuals,	and	the	relatively	small	
total	home	areas,	it	is	remarkable	that	the	tagged	cats	managed	to	
remain	 on	 average	 >2	km	 apart.	 This	 implies	 that	 the	 Langu	 cats	







mal	 distribution	 to	 the	 co‐ordinates	 of	 the	 two	 target	 individuals.	
Dunn	 describes	 a	 similar	 approach	 that	 employs	 a	 multivariate	
Ornstein‐Uhlenbeck	model	rather	than	a	multivariate	normal	model	
(Dunn,	1979).	Sunarto,	Kelly,	Parakkasi,	and	Hutajulu	(2015)	use	ker‐
nel	 density	 estimation	 (KDE)	 to	 characterize	 activity	 patterns	 for	
each	species	and	calculate	the	coefficient	of	overlap	between	pairs	
of	wild	cat	species.	These	tests	either	require	that	the	utilization	of	




proposed	 a	 functional	 response	 in	 which	 social	 behavior	 is	 as‐
sumed	 to	 depend	 on	 proximity	 to	 other	 individuals.	 As	 detailed	
by	the	authors,	the	null	model	is	supposed	to	account	for	all	fac‐
tors	 influencing	movement	 behavior	 apart	 from	 conspecifics.	 In	
their	method,	 they	 suggest	 a	 null	 model	 that	 is	 calculated	 from	
movement	 in	 a	 random	 direction	 with	 the	 same	 step	 length	 as	
the	 observed	movement.	 Similarly,	 Fortin	 et	al.	 (2005)	 proposed	
a	 method	 that	 compares	 characteristics	 of	 the	 observed	 move‐
ments	to	characteristics	based	on	a	correlated	random	walk.	This	
was	 later	 used	 to	 test	 for	 interactions	 by	 Latombe	 et	al.	 (2014),	
Potts	et	al.	(2014),	Vanak	et	al.	(2013),	and	others	(Merkle,	Fortin,	
&	 Morales,	 2014;	 Thurfjell,	 Ciuti,	 &	 Boyce,	 2014).	 This	 method	
assumes	 that	 the	 individuals	would	move	 randomly	 if	 they	were	
not	directly	 reacting	 to	another	 individual	or	environmental	 fac‐
tors.	This	means	 that	 specific	habitat	areas	with	higher	or	 lower	
chances	of	being	visited	have	to	be	specifically	incorporated	into	
the	 null	 model.	 As	 an	 example,	 a	 particularly	 dense	 area	 of	 the	
habitat	might	be	difficult	 to	penetrate	or	 represent	an	area	with	
few	 possibilities	 for	 hunting.	 If	 these	 areas	 are	 not	 included	 in	
the	model	 they	could	 increase	 false	positive	 results	because	 the	
ranges	of	the	focal	individual	and	their	conspecifics	might	be	orga‐
nized	so	that	the	individuals	are	limited	to	moving	in	regions	that	











(1990).	This	 compares	 the	empirical	distribution	 function	of	 the	N 
paired	separations	with	that	of	the	complete	set	of	N2	separations.	
For	this,	a	critical	separation	 is	chosen,	within	which	the	presence	
of	 interactions	 is	 deemed	 to	 be	 interesting.	However,	 the	 correct	
value	of	this	separation	may	not	be	easy	to	estimate	and	the	number	
of	observations	would	have	 to	be	very	 large	 to	permit	an	analysis	






possible	 to	create	up	 to	D!	 (where	 !	 stands	 for	 the	 factorial	and	D 
is	the	number	of	blocks	in	the	observation	period)	permutations	to	
which	 to	 compare	 the	observed	data;	 there	 is	 no	need	 to	 assume	
independence	 between	 individual	 measurements,	 only	 between	
blocks	of	measurements	(e.g.,	days	or	weeks).	One	of	the	main	ad‐
vantages	of	 this	method	 is	 that	 specific	 geographic	 areas	 that	 are	
visited	less	or	more	frequently	by	the	individuals	do	not	have	to	be	

























territories.	 It	 does	 not	 require	 independence	 of	 consecutive	mea‐
surements,	 nor	 a	 constant	 time	 difference	 between	 the	measure‐














polated	 linearly,	 for	simplicity,	as	has	been	done	previously	 (Fortin	
et	al.,	2005;	Turchin,	1998).	The	observed	data	are	then	divided	into	
blocks	which	 are	deemed	 to	be	 independent;	 if	 these	 are	days	or	
weeks	then	the	diel/weekly	movement	patterns	remain	intact	in	the	
permutations	(for	example,	a	propensity	to	visit	a	waterhole	at	8	a.m.	




individual	distance	measurements	 for	each	 time	point	 in	 the	data.	








distances,	 say	 0–20	m	 to	 represent	 the	 region	 in	which	 physical	
contact	 is	 most	 likely;	 alternatively,	 since	 animals	 communicate	
explicitly	by	sound	and	implicitly	by	sight,	one	might	be	interested	
in	 other	 ranges—say	 80–100	m.	 Additionally,	 visibility	 will	 vary	
across	habitats.	As	discussed	above,	one	of	the	advantages	of	this	
approach	is	that	 it	 is	possible	simultaneously	to	test	for	 interest‐
ing	interactions	(or	the	lack	of	them)	across	a	set	of	ranges.	Thus,	




distances	 calculated	 from	 the	 observed	 and	 permuted	 data	 are	





distance	 interval	 in	 the	observed	and	permuted	 time	series.	The	
two	 alternatives	 are	 that	 the	 individuals	 are	 (a)	more	 often;	 and	





in	 this	 case	 is	 the	upper	bound	 (as	we	only	have	a	 sample	of	 all	
possible	scenarios)	on	the	proportion	of	permutations	as	extreme,	
or	more	extreme,	 than	 the	observation.	Say	 the	 two	target	 indi‐
viduals	were	observed	to	be	in	the	20–40	m	interval	M	times,	then	
the p‐value	for	the	null	hypothesis	versus	the	alternative	that	the	
individuals	 are	 less	 often	 in	 the	 same	 interval	 than	 expected	 by	
chance	lies	between:
where nperm	 is	the	number	of	permutations	calculated	and	n1 is the 
number	of	permutations	in	which	the	dyad	was	inside	the	20–40	m	
interval	at	most	M	 times.	The	observed	number	of	 times	 the	 indi‐
viduals	were	within	that	particular	interval	is	then	compared	to	the	
distribution	 created	 by	 the	 permutations.	 Observations	 lying	 in	
the	0.05/2k	 tail	 of	 the	 permutations	will	 be	 regarded	 as	 evidence	
that	 the	 target	 individuals	were	 less	often	 in	 the	distance	 interval	
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2.1 | Simulations



















of	 the	minor	 radius.	Therefore	the	overlap	 is	similar	 to	 that	of	 the	
observed	 individuals.	The	overlap	was	overestimated	as	 false	pos‐
itives	are	more	readily	detectable	if	the	likelihood	of	encounters	is	











as the sensing distance).	In	the	simulations	in	which	there	is	no	asso‐
ciation	between	the	individuals,	both	processes	are	simple	random	
walks	with	elliptical	boundaries.	 In	 the	cases	with	association,	 the	
general	movement	is	again	a	simple	random	walk	except	when	they	
are	within	the	sensing	distance	of	each	other.	In	that	case,	they	move	














the	 association	 distance	 and	 should	 therefore	 test	 positive	 for	 a	




intervals tested are outside the sensing distance and should there‐
fore	 test	 negative	 for	 both	MTE	and	 LTE.	 In	 the	 scenario	without	
association,	 all	 of	 the	 intervals	 should	 test	negative	 for	both	MTE	
and	LTE.
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F I G U R E  2  Representative	example	of	the	simulations.	The	
observation	period	for	this	simulation	example	is	350	days,	the	
association	time	is	three	steps,	and	the	sensing	distance	is	300	m
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In	concrete	terms,	 the	total	number	of	distances	tested	for	an	as‐
sociation	 in	each	of	 the	 two	scenarios	 is	40,320	 (=4	×	10,080).	When	












To	 demonstrate	 how	 the	 method	 could	 be	 used,	 the	 proposed	



























resulting	 14	 neighboring	 pack	 dyads	 were	 collared	 for	 between	





of	 the	 simulations	 in	 which	 there	 is	 an	 association	 are	 described	
in	 Section	3.1.1,	 then	 those	 with	 no	 association	 (Section	3.1.2).	
























































This section discusses the results in the scenario in which there is 
no	association	between	the	two	individuals.	In	this	case,	all	40,320	
distances tested should indicate that the individuals were not less 




rectly	 identified	 as	 not	 being	 less	 often	 than	 expected	within	 the	
intervals	tested.	And	out	of	the	40,320	MTEneg	tests	39,455	(98%)	
were	 correctly	 identified	 as	 not	 being	 more	 often	 than	 expected	
within those intervals.
The	 break	 down	 of	 the	 results	 with	 respect	 to	 the	 length	 of	
















gesting that the individuals show an association when there is none.
3.2 | Application
Location	 data	 were	 collected	 in	 latitude	 and	 longitude	 format.	
Before	the	analysis,	the	latitude	and	longitude	were	transformed	into	
Cartesian	coordinates	using	 the	dg2lg	 function	 from	the	Geodetic	
Toolbox	in	Matlab	(MATLAB,	2014).
F I G U R E  4  Proportion	of	simulations	correctly	classified	as	having	a	LTEneg,	MTEneg,	and	MTEpos	association	as	a	function	of	(a)	the	size	
of	the	association	distance	and	(b)	the	length	of	the	observation	period
(i) (ii)
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3.2.1 | Leopards
Applying	the	proposed	method	to	leopard	data	suggested	that	none	
of	 the	dyads	 spent	 less	 time	within	 close	proximity	 of	 each	other	
than	would	be	expected	by	chance.	This	observation	conflicts	with	
the	 conclusions	 of	 studies	 suggesting	 that	male	 leopards	 dynami‐
cally	avoid	one	another	(Hornocker,	1970;	Jackson	&	Ahlborn,	1989;	
Stander,	Haden,	Kaqece,	&	Ghau,	1997)	to	reduce	the	likelihood	of	
violent	 or	 fatal	 conflicts	 (Bailey,	 1993;	 Brown,	 1982).	 These	 data	
demonstrate	 that	 not	only	do	 leopards	not	 actively	 avoid	one	 an‐
other,	 there	 is	 little	pressure	 for	 them	 to	do	 so	as	 they	are	highly	
unlikely	to	encounter	one	another	by	chance.
As	expected,	two	of	the	six	male‐female	dyads	(F1M2	and	F2M3)	


























































To	 examine	 possible	 seasonal	 effects,	 the	 distances	 between	




When	 there	 are	 observation	 periods	 in	 which	 the	 location	 of	
the	two	observed	 individuals	 is	not	known	in	enough	detail	 (when	
at	 least	one	of	 the	 two	 individuals’	 locations	 is	 recorded	 less	 than	
every	6	hr),	that	period	is	excluded	from	the	analysis.	This	is	shown	
in	the	time	series	plots,	Supporting	Information	Figures	S2	and	S3,	
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F I G U R E  7  Representative	p‐value	plots	of	African	wild	dog	avoidance	and	association.	If	the	red	line	with	stars	is	below	0.006	(0.05/
(2*4)—the	black	dashed	line)	it	suggests	that	the	packs	“avoid”	being	within	that	distance	of	each	other.	If	the	blue	line	with	circles	is	below	
the	black	dashed	line	it	suggests	that	the	packs	are	attracted	to	being	in	that	distance	of	each	other








































an	avoidance	or	association	 response.	The	 two	 individuals	may	be	
traveling	in	a	straight	line,	deviate	in	a	hemisphere	to	avoid	the	cue	
of	another	individual,	and	then	rejoin	the	original	route.	Depending	




third	 conspecific	or	heterospecific	 that	has	not	been	 fitted	with	a	
GPS	collar,	cannot	be	ruled	out	as	possible	explanations	for	an	ob‐




In	 general,	 our	 results	 support	 the	 finding	 of	 previous	work	
on	 mutual	 avoidance/attraction	 between	 neighboring	 African	
wild	 dog	 packs	 (Mills	 &	 Gorman,	 1997).	 As	 previous	 data	 were	
acquired	by	VHF	tracking	collars,	 it	was	 limited	to	relatively	few	
near‐simultaneous	 locations	 of	 neighboring	 packs	 acquired	 by	
physically	 tracking	 the	 animals	 (Mills	&	Gorman,	 1997).	Despite	
significant	 overlap	 between	 their	 ranges	 (ca.	 35%;	Reich,	 1981),	
observed	packs	were	 seen	 to	meet	 very	 rarely;	 until	 now	 it	 has	
not	been	possible	 to	determine	whether	 this	occurred	by	active	
avoidance	 or	 simply	 as	 a	 consequence	 of	 natural	 movement.	 In	
our	 study,	using	 larger	volumes	of	data	acquired	 remotely	using	
GPS	 radiocollars,	we	 found	 no	 evidence	 of	 active	 spatial	 avoid‐
ance	or	association	between	neighboring	packs.	As	can	be	seen	
from	 the	 p‐value	 plots	 in	 Figure	7,	 our	 close	 proximity	 counts	
could	have	happened	by	chance	alone	at	all	measured	distances.	
Spatial	interactions	(though	not	necessarily	direct	interactions)	at	
our	 measured	 scales	 were	 no	more	 or	 less	 likely	 to	 occur	 than	




ical encounters are rare.
Although	 it	 is	 not	 yet	 clear	 by	 what	 mechanism	 African	 wild	
dogs	 establish	 and	 maintain	 territories,	 there	 is	 strong	 evidence	
they	do	so	based	on	chemical	signaling	using	scent	marks	(Jackson,	
Weldon	McNutt,	&	Apps,	 2012;	 Jordan,	Golabek,	 Apps,	Gilfillan,	














the	 interaction	between	 solitary	 animals,	 the	quantification	of	 as‐





way	 the	animals	move	around	 their	 territories	 (Fortin	et	al.,	 2005;	
Latombe	et	al.,	2014;	Potts	et	al.,	2014;	Vanak	et	al.,	2013).
In	this	paper,	a	new	method	for	detecting	avoidance	and	asso‐
ciation	 is	 presented.	 Unlike	 previous	work,	 the	method	makes	 no	
assumption	about	the	shape	or	size	of	the	territories,	nor	about	the	
way	that	 individuals	move.	 It	 relies	purely	on	the	disassociation	of	
the	individuals’	movement	through	permutations.	The	main	assump‐
tion	of	this	method	is	that	the	division	of	the	data	into	blocks	(e.g.,	
days,	 weeks,	 etc.)	 is	 performed	 appropriately.	 The	 division	 must	
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More	 generally,	 our	 method	 for	 avoidance	 and	 associations	




be	 extended	 to	 include	 a	 time	 lag	 to	 determine	whether	 individ‐
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